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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The present work focused on the complex study of the influence of the stress concentrators, the loading system stiffness, and the 
additional cyclic impact on the behavior patterns of the Al-Mg alloy and the carbon steel during uniaxial tension tests with the use 
of the original samples with complicated geometry. The aim of the investigation was the complex study of the temporal instabilities 
and spatial localization due to the Lüder’s behavior, the Portevin–Le Chatelier effect and the shoulder or necking effect with the 
use of the non-contact 3-D Digital Image Correlation measurement system Vic-3D (Correlated Solutions) and the infrared system 
FLIR SC7700. This study contains a brief description of the test procedure an  the experimental results of providing mechanical 
tests on the flat dog-bone specimens and the specimens with stress concentrators, with the additional deformable parts and the 
complic ted samples with two L-shaped holes.  
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific C mmittee of ECF21. 
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1. Introduction 
One of the topical field in mechanics of deformable solids is the experimental study and theoretical description of 
the inelastic deformation, processes of damage accumulation, softening and formation of the facture conditions. The 
spatial inhomogeneity of the plastic flow we can observe at various scales and structure levels. At the stage of the yield 
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point and the yield plateau forming there are the strain bands nucleation and propagation on the specimen’s surface — 
the Chernov-Lüder’s behavior. The Savart-Masson effect (in conditions of the strength loading) or the Portevin-Le 
Chatelier effect (in conditions of the kinematic loading) manifests itself as an unstable plastic flow during tensile tests 
of some dilute alloys under certain loading conditions of strain rate and temperature. The plastic deformation localizes 
in the form of the strain bands that move along the specimen gauge in various ways. At the post critical deformation 
stage the plastic strain localized by necking-down of the specimen. 
Development of the test equipment, the high-efficiency measuring systems and the high-accuracy facilities allows 
providing complex study of the materials behavior patterns in conditions of the spatial-time inhomogeneity of plastic 
flow, particularly.  In addition, it is possible to represent the complicated loading conditions close to the operation 
conditions.  
The present work deals with the experimental study of the inhomogeneous deformation and temperature fields due 
to the jerky flow in metals during uniaxial tension under the complicated loading conditions by using the digital image 
correlation technique (DIC) and the infrared analysis (IR). The aim of the study is to estimate the influence of the 
stress concentrators and the additional cyclic impact during uniaxial tension on the effects of the serrated flow, on the 
initiation of the strain bands, and to interrelate local strain jumps with temperature bursts. 
2. Materials and test procedure 
2.1. Materials 
The experimental investigation of the spatial-time inhomogeneity of plastic flow was carried out on the aluminum-
magnesium alloy (Al — 2.2 %, Mg — 0.6 %, Mn — 0.4 %, Fe — 0.4 %, Si — 0.4 %) and on the carbon steel (Fe — 
99.0 %, C — 0.18%, Si — 0.20 %, Mn — 0.35 %, Cr — 0.04 %, Ni — 0.03 %, Cu — 0.04 %). The flat specimens 
were made by water jet cutting. Materials were tested in the state as received without additional temperature 
processing.  
2.2. Test procedure 
The research program includes the following parts: 
 the uniaxial tension of the flat dog-bone specimens with the constant rate of the kinematic loading from 0.33∙ 
10−4 s−1 to 0.33 × 10−2 s−1 (steel); 
 the uniaxial tension of the flat specimens with one and two holes with constant rate of the kinematic loading 1.67∙ 
10−3 s−1 (steel); 
 the uniaxial tension of the flat specimens with additional deformable parts and the flat specimens with complicated 
geometry with constant rate of the kinematic loading 1.67∙ 10−3 s−1 (Al-Mg alloy); 
 the uniaxial tension with additional cyclic loading of the solid cylindrical specimens (steel).  
 
The mechanical tests were provided on the Instron 8850 servo-hydraulic biaxial testing system (100 kN/1000 N∙m, 
30 Hz) and the Instron 5989 electromechanical testing system (600 kN) at room temperature. The inhomogeneous 
deformation and temperature fields were estimated by the 3-D digital image correlation measurement system Vic-3D 
and the infrared system FLIR SC7700M (fig. 1).  
The DIC-system was used with the set of two high-resolution cameras (Prosilica, 16 MP) and the set of the high-
speed cameras (Gazelle, 4 MP). The stress-strain diagrams presented within axes engineering stress – engineering 
strain. Strain was registered by the additional software ‘virtual extensometer’ of the DIC-system. The ‘virtual 
extensometer’ works similarly to a mounted extensometer, except the former does not contact and damage a specimen 
surface as the latter. With the help of the ‘virtual extensometer’ it is possible to simulate the use of several 
‘extensometers’ on the same specimen. Also it is used after test at the step of experimental data post-processing.   
It is the multi-camera system which can be used for problem solving of deformable solid mechanics: experimental 
investigation of non-uniform strain fields and analysis of failure conditions in bodies with concentrators of different 
geometry, research of inelastic material deformation processes in complex strain-stress conditions, study of 
displacement and strain fields propagation during crack initiation, damage accumulation and material failure, etc. 
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Fig. 1. Uniaxial tension of the carbon steel flat dog-bone specimen on the Instron 8850 servo-hydraulic biaxial test system with registration of the 
strain and temperature fields by using the 3D-DIC measurement system Vic-3D and the IR-system Flir SC7700 
3. Results 
3.1. Inhomogeneous strain fields during uniaxial tension of flat dog-bone specimens 
To estimate the kinematics and irregularity of plastic flow during uniaxial tensile tests of the steel sheet, the axial 
strain fields, the strain rate fields and temperature fields have been determined on the specimen’s surfaces. Fig. 2 
contains the σ–ε curve and the set of photos of the specimen during the Lüder’s band nucleation. Consequently, the 
stage of yield drop and yield plateau forming is under observation. At the initial stage, the process of material’s 
deformation was running uniformly up to the upper yield point or the yield drop. The rapid jump of the axial strain 
level was registered on the specimen surface from the grip side at moment of transition from the yield drop to the 
yield plateau or the lower yield point. At the same time, the load value declined. 
When the strain bands reached the opposite side of the specimen, the configuration of the axial strain fields became 
almost homogeneous. It is important to note that in the region where the front of the localized strain had passed, the 
material’s deformation processes stopped until the next deformation stage — the material hardening stage. 
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Fig. 2. Evolution of local strain rate fields at the stage of the yield plateau formation: initiation and propagation of the strain bands due to the 
Chernov-Lüder’s behavior 
The experimental study of the strain fields during the uniaxial tension of specimens of the aluminum–magnesium 
alloy has revealed the quasi-periodic character of the development of plastic deformations under conditions of 
discontinuous yielding of the material, which includes the alternation of the stages of the generation and propagation 
of strain bands of localized plastic flow. These processes are characterized by a high degree of inhomogeneity of the 
deformation and by the existence of stages of relative leveling-off of the magnitudes of deformations over the 
specimen. 
 
 
Fig. 3. The set of the strain distributions along the gauge length of the specimen fixed with constant time step (0.3 s) 
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3.2. The influence of the stress concentrators on the initiation and propagation of strain bands in flat specimens 
The set of the specimens with one centered hole and the specimens with two holes were tested. At the elasto-plastic 
deformation stage were fixed the initiation of the strain bands in the area of the stress concentrators on the surface of 
the specimens. With further increase in load the Chernov-Lüder’s bands passed lengthwise the specimen surface. For 
example, the evolution of the local strain rate and temperature fields (the specimens with two holes) are shown below 
(fig. 4). 
  
 
Fig. 4. Evolution of the inhomogeneous local strain rate and temperature fields on the surface of the flat specimens with two holes 
3.3. The influence of the stiffness of the loading conditions on the spatial-time inhomogeneity of the plastic flow of 
the Al-Mg alloy 
In this part of the work two group of the specimens: with the additional deformable parts (fig. 5) and the 
complicated samples with two L-shaped holes (fig. 6) were tested. The use of the complicated specimens allows us to 
change the stiffness of the loading system (55.8−83.6 MH/m). The material of the interest was the Al-Mg alloy.  
Estimation of the influence of the loading conditions on the effects of the spatial-time inhomogeneity due to the 
jerky flow. Analyzed the patterns of the Chernov-Lüder’s behavior, the appearance of the PLC bands, the necking 
effect.    
 
 
 
Fig. 5. Inhomogeneous local strain rate fields on the surface of the flat specimen with additional deformable part  
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Fig. 6. Inhomogeneous local strain rate fields (left) and the temperature fields (right) on the surface of the flat specimen with two L-shaped holes  
4. Conclusion 
Complex experimental investigation of the temporal instabilities and the spatial localization due to the Lüders 
behavior, the Portevin–Le Chatelier effect and the shoulder or necking effect of aluminum-magnesium alloy and 
carbon steel was carried out on the base of combined use of the advanced test equipment, high-effect measuring 
systems and high-accuracy facilities. 
The results provide an important data base for the development of the theoretical and numerical description of the 
material behavior in conditions of the serrated flow appearance, especially of the mechanisms and regularities of the 
Lüders and PLC bands nucleation and propagation. 
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